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Ethanol increasesmitochondrial ﬁssion in a concentration-dependentmanner through Drp1mitochondrial translo-
cation and OPA1 proteolytic cleavage. ARPE-19 (a human retinal pigment epithelial cell line) cells challenged with
ethanol showed mitochondrial potential disruptions mediated by alterations in mitochondrial complex IV protein
level and increases inmitochondrial reactive oxygen species production. In addition, ethanol activated the canonical
autophagic pathway, as denoted by autophagosome formation and autophagy regulator elements including Beclin1,
ATG5-ATG12 and P-S6 kinase. Likewise, autophagy inhibition dramatically increased mitochondrial ﬁssion and cell
death, whereas autophagy stimulation rendered the opposite results, placing autophagy as a cytoprotective
response aimed to remove damaged mitochondria. Interestingly, although ethanol induced mitochondrial Bax
translocation, this episode was associated to cell death rather than mitochondrial ﬁssion or autophagy responses.
Thus, Bax required 600mMethanol tomigrate tomitochondria, a concentration that resulted in cell death. Further-
more,mouse embryonicﬁbroblasts lacking this protein respond to ethanol by undergoingmitochondrial ﬁssion and
autophagy but not cytotoxicity. Finally, by using the speciﬁc mitochondrial-targeted scavenger MitoQ, we revealed
mitochondria as themain source of reactive oxygen species that trigger autophagy activation. Theseﬁndings suggest
that cells respond to ethanol activating mitochondrial ﬁssion machinery by Drp1 and OPA1 rather than bax, in a
manner that stimulates cytoprotective autophagy through mitochondrial ROS.
© 2015 Elsevier B.V. All rights reserved.Increasing evidence suggests that ethanol triggers cellular damage in
different tissues, (e.g. brain, liver and retina [1–4]. Human retinal pig-
ment epithelial cells, such as ARPE-19, are crucial cells for maintaining
retinal homeostasis [3] and are susceptible to ethanol-induced damage
[1]. Despite evidence associating ethanol to toxicity in different tissues,
details of the mechanisms still remain to be known. A possibility is that
at cellular level, ethanol acts as a stress inducer and causes deleterious
effects on the mitochondrion that result in mitochondrial intrinsic apo-
ptotic pathway activation [5–8]. Mitochondria exist in a dynamic state
and their proper function relies on a critical balance of ﬁssion and fusion
events [9]. Evidence supports that altered regulation of mitochondrial
dynamics might be a common pathogenic pathway of ethanol damage
[1,10–12]. Cellular pathways tightly control mitochondrial dynamic
processes. Mitochondrial ﬁssion is mostly regulated by dynamin-
related protein 1 (Drp1), optic atrophy 1 (OPA1) or the pro-apoptoticología Traslacional, Complejo
lcó 37, 02006 Albacete, Spain.
ndo).Bcl-2 family member Bax, among other proteins [13,14]. Even more,
Bax requires Drp1 function in order to accumulate in foci along the
mitochondrial membrane [15,16].
Macroautophagy (referred to here as autophagy) is a catabolic pro-
cess aimed at degrading cytoplasmic material and/or organelles using
a double membrane vesicle called the autophagosome. The autophagy
pathway is uniquely capable of degrading entire organelles such as
mitochondria, peroxisomes and ER, as well as intact intracellularmicro-
organisms [17]. In fact, the number of mitochondria, and mitochondrial
health, are regulated by autophagy. For activation, autophagy requires a
complex regulated pathway, where several proteins are involved in-
cluding Beclin1, crucial for the initiation of the phagofore, Atg5-Atg12,
to form a complex that participates in the elongation and formation of
the autophagosome and, ﬁnally, the microtubule-associated protein
1A/1B-light chain 3 (LC3), which is converted from LC3-I to LC3-II in
the autophagosomal membranes (for a review, see [18]). Recently,
previouswork from our laboratory identiﬁed autophagy as a cellular re-
sponsemechanism to ethanol in ARPE-19 cells [1]. However, the effects
of ethanol on autophagy pathways are controversial. Thus, ethanol can
either increase or decrease autophagy depending on the experimental
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condition [19–23].
Hence, the aim of the present paper is to study mitochondrial
dynamics and the regulation of autophagy response, in ARPE-19 cells
under ethanol exposure. Our data have revealed for the ﬁrst time that
ethanol activates cellular mechanisms that disrupt mitochondrial dy-
namics by the translocation of Drp1 and L-OPA1 to S-OPA1 conversion.
Furthermore, we have evidenced that mitochondrial Bax translocation
is related to cell death rather than mitochondrial ﬁssion. We have also
demonstrated that by blocking mitochondrial ROS production using
MitoQ the ethanol-induced autophagic response was decreased.
Interestingly, we have observed that mitophagy plays an important
role in attenuating EtOH-related toxicity in ARPE-19 cells.
1. Material and methods
1.1. Cell culture
Human retinal pigment epithelial cell line ARPE-19 was obtained
from American Type Culture Collection (ATCC) and mouse embryonic
ﬁbrolasts (MEF Bax −/− and WT) were a gift from Dr M Serrano
(CNIO, Spain) [24]. Cells were cultured in Dulbecco's modiﬁed Eagle's
medium/Nutrient mixture F12 (DMEM/F12, Invitrogen) supplemented
with 5 mM HEPES buffer, 7.5% NaHCO3, 10% fetal bovine serum and
1% penicillin/streptomycin and were maintained at 37 °C and 5% CO2.
Cells were used from 18 to 20 passages and cultivated in 6-well culture
well plates at a starting seeding density of 2 × 105 cells/cm2. Two days
later, cells were treated for 24 h with ethanol (Ethanol absolute;
Biosolve).
1.2. Transfections
Twenty-four hours before transfection, cells were plated at a density
of 5 × 104 cells/cm2 on IBIDI-coated glass dishes. Transfection was
achieved using Lipofectamine 2000 reagent (Invitrogen) according to
the manufacturer's protocol. Cells were transfected with the following
plasmids (pDsRed2-mito, GFP-LC3, GFP-Bax and GFP-Drp1) and after
4 h incubation, transfection mixture was removed and replaced with
fresh complete medium. Clontech delivered the pDsRed2-mito vector,
Drp-1-GFPwas providedby T.WilsonandDr. S. Strack (Dept. Pharmacol-
ogy, University of Iowa Carver College of Medicine). GFP-Bax was a gift
from Dr. J.H.M. Prehn (Department of Physiology and RCSI Neuroscience
Research Centre, Royal College of Surgeons, Ireland). Dr. JM. Fuentes
kindly provided GFP-LC3 (Universidad de Extremadura, Cáceres, Spain).
1.3. Mitochondrial morphology
Cells were transfected with pDsRed2-Mito, which leads to the
expression of ﬂuorescent DsRed2 in mitochondria, thereby labeling
the organelles. The transfected cells were then subjected to experimen-
tal treatments to evaluate mitochondrial morphology by confocal
ﬂuorescence microscopy. For quantitative analysis of mitochondrial
morphology, the two patterns of mitochondrial morphology (elongated
or fragmented) were recorded in at least 100 cells per coverslip
observed on adjacent ﬁelds at magniﬁcation 63×. The percentage of
cells with abnormal mitochondrial morphologies was determined
and taken as ameasure of the proportion of cells with fragmentedmito-
chondria. In addition, two independent examiners on three different
cultures performed the monitoring of the mitochondrial morphology.
1.4. Quantiﬁcation of mitochondrial ROS
To monitor mitochondrial ROS production, cells were treated or not
with ethanol and 24 h later incubated with 2.5 μMMitoSOX (Molecular
Probes, Life Technologies) for 10 min at 37 °C and then washed with
Krebs medium. For quantiﬁcation, cells were observed under theconfocal microscope and the red ﬂuorescence levels were measured
using ImageJ software (National Institute of Mental Health, Bethesda).
1.5. Autophagic cells
Cells were transfected with GFP-LC3, which leads to the expression
of ﬂuorescent LC3, the universal marker protein of autophagic
structures in mammalian and yeast cultured cells. The appearance of
LC3-positive punctate is indicative of the induction of autophagy. For
quantiﬁcation, all cells with more than nine autophagosomes per cell
are considered autophagic cells.
1.6. Evaluation of mitochondrial translocation of GFP-Drp1 and GFP-Bax
The procedure was based on a transient transfection of cells with a
ﬂuorescence construct and confocal microscopy. In brief, cells were
plated for 24 h before transfection, then incubated for 24 h to allow
for sufﬁcient expression and ﬁnally treated with ethanol. Cells were
observed under confocal microscopy. Mitochondrial translocation of
the construct implied the shift from a cytoplasmic diffuse green ﬂuores-
cence to a brighter spotted one localized to the mitochondria. The total
number of transfected cells and those displaying the spotted pattern
were quantiﬁed under confocal microscopy. The percentage of spotted
over transfected cells was calculated, and a mean ± SD of several
independent experiments was obtained.
1.7. RT-PCR
Total RNA from cell culture dishes was extracted using an RNeasy
Mini Kit (QUIAGEN), and cDNAwas synthetized using TaqMan Reverse
Transcription Reagents (APPLIED BIOSYSTEM) in a thermal cycler UNO
Cycler (VWR). First strand cDNa was used as template for real-time
PCR using a 7500 Fast Real-Time PCR System (APPLIED BIOSYSTEM)
with Fast SYBR Green Master Mix (APPLIED BIOSISTEM) and primers
at 0.25 μM. The threshold cycle (CT) values for each target mRNA were
normalized to 16S mRNA, and the relative expression of each target
gene was calculated with the formula 2-ΔΔCt.
MNF1 Forward primer 5′TGCTGGCTAAGAAGGCGATTACTGCA3′;
MNF1 Reverse primer 5′TCTCTCCGAGATAGCACCTCACCAAT3′; MNF2
Forward primer 5′CCTGCTCTTCTCTCGATGCAACTCTA3′; MNF2 Reverse
primer 5′CTGCATTCCTGTACGTGTCTTCAAGG3′; DRP1 Forward primer
5′CACTTGTGGATTTGCCAGGAATGACC3′; DRP1 Reverse primer 5′TGCG
ACCATCTGGATCTACCTCTCTT3′; FIS1 Forward primer 5′TCTGTGGAGG
ACCTGCTGAAGTTTGA3′; FIS1 Reverse primer 5′CAGGTAGAAGACGTAA
TCCCGCTGTT3′; NRF2 Forward primer 5′CAGCCTGAACTGGTTGCACA
GAAA3′; NRF2 Reverse primer 5′TCAACTCCGCTGCACTGTATCCAA3′;
16S Forward primer 5′CGCATAAGCCTGCGTCAGATAAAA3′; 16S Reverse
primer 5′TGTGTTGGGTTGACAGTGAGGGTA3′.
1.8. Image processing
Micrographs were processed with Huygens Deconvolution Software
(Scientiﬁc Volume Imaging) and Adobe Photoshop.
1.9. Western blotting
ARPE-19 cell cultureswerewashedwith ice-cold PBS twice and then
collected by mechanical scraping with 1 ml of PBS per tissue culture
dish. The suspension was centrifuged at 12,000 –14,000 rpm for
5 min. The supernatant was discarded, and the pellet was brought up
in 150 μl of sample buffer. The protein from each conditionwas spectro-
photometrically quantiﬁed (Micro BCA Protein Reagent Kit, Pierce,
Rockford, IL), and an equal amount of protein (30 μg) was loaded onto
10% SDS-PAGE gels. After electrophoresis, proteins were transferred to
polyvinylidene diﬂuoride membranes (Immobilon; Millipore Corpora-
tion, Billerica, MA). Nonspeciﬁc protein bindingwas blockedwith Blotto
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Tween 20 (Sigma)) in PBS for 1 h. Themembranes were incubated with
a 1:1000 dilution of anti-OPA1 (BS Bioscience), LC3 (Sigma), p-S6 and
S6 (Cell Signaling), Beclin1, OXPHOS cocktail and Atg12 (Abcam) and
GAPDH (Santa Cruz Biotechnologies). After washing with Blotto, the
membranes were incubated with peroxidase-labeled anti-rabbit or
anti-mouse secondary antibodies (Promega) in Blotto. The signal was
detected using an enhanced chemiluminescence detection kit (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). Band intensity was
densitometrically estimated on a GS-800 calibrated densitometer
(Bio-Rad Quantity One, Hercules, CA, USA).
1.10. Cell viability
Cell viability was analyzed by phase-contrast microscopy. Healthy
cells were identiﬁed as having smooth, phase-bright cell bodies and in-
tact neurites. Cells exhibiting a rough appearance with irregular shaped
cell bodies, blebs and vacuoles, followed by cell shrinkage, and loss of
phase-brightness, were considered to be damaged. We performed the
experiments using a “blind” counter. A total of 200–400 cells were
examined in three to ﬁve randomized subﬁelds of the coverslips. Each
condition was represented by three coverslips. All the experiments
were performed in quadruplicate.
1.11. Cell death analysis by propidium iodide
ARPE-19 cells were seeded on glass slides. After treatment, the glass
slideswere rinsed three timeswith PBS and then incubatedwith 5 μg/ml
of propidium iodide (PI) and 0.5 μg/ml of Hoechst 33342 (Molecular
Probes, Life Technologies) for 5 min at room temperature. After two
rinses with PBS, cell death was determined by calculating the fraction
of PI-positive cells among the total number of cells (Hoechst positive
cells). At least 300 cells were analyzed in each condition.
1.12. Analysis of mitochondrial membrane potential
To assess changes in mitochondrial membrane potential, ARPE-19
cells treated or not with ethanol were incubated for 10 min with
10 μg/ml of JC-1 ﬂuorescent dye, or with 5 μg/ml rhodamine 123 for
20 min (Molecular Probes, Life Technologies) and washed with Krebs
medium. For quantiﬁcation of mitochondrial membrane potential
disruption, JC-1 and rhodamine 123 stained cells were observed under
the confocal microscope, and the green/red ﬂuorescent ratio (JC-1), or
the red ﬂuorescent levels (rhodamine 123), were quantiﬁed bymeasur-
ing optical density with ImageJ software (National Institute of Mental
Health, Bethesda).
1.13. Statistical analysis
Data shown are means ± SEM. Statistical signiﬁcance was deter-
mined by a two-tailed Student's test. The statistical signiﬁcance was
set at p b 0.05.
2. Results
In an attempt to clarify previous observations – ours and others' – that
ethanol induces mitochondrial dynamic disruption[1,10–12], for 24 h weFig. 1. Ethanol disrupts mitochondrial morphology and function. A. Representative confocal
transfected with pDsRed2-mito vector. Histogram representing the percentage of cells wit
concentration after 24 h (n = 3). B. Confocal images of ARPE-19 cells stained with ﬂuorogenic
represents the MitoSOX ﬂuorescent levels. C. Confocal images of JC-1 ﬂuorescent dye in ARPE-
representing the red/green JC-1 ﬂuorescent ratio as a mitochondrial membrane potential in
treatment (0–600 mM). E. Representative western blot and quantitative measurement showing
or not with ethanol (80–400 mM) for 24 h. The band density of OXPHOS complexes is shown i
After 24 h of ethanol treatment, cells were lysed andmRNA levels analyzed by RT-PCR. Data sho
was determined by a two-tailed Student's test: *p b 0.05, **p b 0.01, ***p b 0.001.exposed ARPE-19 cell cultures to rising concentrations of ethanol. Later
we analyzed mitochondrial ﬁssion and autophagy to gain insight in the
upstream mechanistically pathways herein involved.2.1. Ethanol and mitochondrial ﬁssion pathway
As anticipated [1], the addition of ethanol to ARPE-19 cell cultures
results in the disruption ofmitochondrialmorphology; ethanol required
a minimum concentration of 80 mM to trigger these alterations
(Fig. 1A). Fragmented mitochondria might be related to a dysfunctional
organelle, and has been associated to rises in ROS production. Therefore,
we studied whether ethanol addition increases mitochondrial ROS by
using the ﬂuorogenic dye MitoSOX. As shown in Fig. 1B, MitoSOX ﬂuo-
rescent levels are increased upon ethanol exposure. Next, to determine
if ethanol affects the mitochondrial membrane potential, we took
advantage of the ratiometric ﬂuorescent dye JC1. Regions of high
mitochondrial polarization are indicated by red ﬂuorescence due to
J-aggregate formation by the concentrated dye. In live cells, depolarized
regions are designated by the green ﬂuorescence of the JC-1monomers.
24 h after ethanol addition, this mitochondrial functional parameter
was altered in a concentration-dependent manner. Thus, ethanol at
80 mM induced the hyperpolarization of the organelle, while concen-
trations higher than 400 mM resulted in an abrupt depolarization
(Fig. 1C). The use of confocal microscope allowed us to denote that
depolarized mitochondria (green) showed a disrupted morphology,
rather than long, ﬁlamentous, polarized (red) ones (Fig. 1B, inserts).
To further demonstrate the effects of ethanol on mitochondrial
membrane, we used rhodamine 123. As shown in Fig. 1D, ethanol, in a
concentration-dependent manner depolarized the mitochondrial
membrane potential.
In addition, we ascertained that mitochondrial complexes were
altered by ethanol treatment. A cocktail containing ﬁve monoclonal
antibodies to various OXPHOS proteins was used to simultaneously
examine the levels of these ﬁve different mitochondrial proteins. As
representative immunoblot illustrates, ethanol at 200 mM signiﬁcantly
decreased the levels of complex IV, but not I, II, III or V, expression
(Fig. 1E). In addition, ethanol induced the mRNA transcription levels
of the mitochondrial biogenesis gene Nrf2 (Fig. 1F).
The dynamin-like GTPases, Drp1 and OPA1, and Bax are proteins
associated tomitochondrialﬁssion regulation [13,25]. Drp1 translocates
from the cytosol to the mitochondria to scratch the organelle after
insults [13,14]. To determine if ethanol activates Drp1 translocation,
we transiently overexpressed a chimerical protein result of the junction
of green ﬂuorescence protein (GFP) to Drp1 protein (GFP-Drp1).
Control cultures presented a homogeneous/diffuse cytosolic distribution
of GFP-Drp1 (Fig. 2A). However, 24 h later, ethanol altered the GFP-Drp1
distribution to punctate (Fig. 2A). The quantiﬁcation of these effects
revealed an increase in the percentage of cells with punctate GFP-Drp1
localization in an ethanol concentration-dependent manner (Fig. 2A).
OPA1 activity is regulated by proteolytic processing, yielding ﬁve
isoforms of OPA1 grouped as long (L) and short (S) [26,27]. We blotted
total cellular extracts from cell cultures challenged, or not, with raising
concentrations of ethanol for 24 h. As shown in Fig. 2B, ethanol en-
hances the proteolytic processing of L-OPA1 to S-OPA1. Furthermore,
RT-PCR analysis revealed an increase in Drp1, Fis1, and MFN1 mRNA
levels in cell cultures challenged with ethanol (Fig. 2C).analysis of non-treated, 200 mM and 600 mM ethanol treated ARPE-19 cells previously
h either fragmented or elongated mitochondrial morphology at the speciﬁed ethanol
dyeMitoSOX in control, 200 mM ethanol and 600 mM ethanol conditions. The histogram
19 cells under control conditions or treated with 80 mM and 600 mM ethanol. Bar graph
dicator. D. Bar graphs representing rhodamine 123 ﬂuorescent levels 24 h after ethanol
characterization of expression of OXPHOS complexes in total cellular extracts challenged
n the table panel, using GAPDH as loading control. F. Ethanol increases Nrf2 mRNA levels.
wn are themean± SEM of at least three independent experiments. Statistical signiﬁcance
Fig. 2. Ethanol activatesmitochondrialﬁssionmachinery. A. Ethanol inducesmitochondrial translocation ofDrp1. Representative confocal images of ARPE-19 cells transfected for 24 hwith GFP-
Drp1 in non-treated (control) cells or cells incubated with 200mM and 600mM ethanol for 24 h. After treatment, the number of cells with punctate GFP-Drp1 distribution were counted and
expressed as percentage of the total number of cells expressing GFP-Drp1. B. Ethanol induces OPA1 proteolytic processing. Panel shows a representative result of western blotting analysis of
ARPE-19 cell total extracts, performed to evaluate S-OPA1 and L-OPA1 levels. ARPE-19 kept in normal conditions (control) or grown in the presence of a rising concentration of ethanol
for 24 h. The same membrane was immunostained with anti GAPDH, to show equal total protein loading. The L- or S-OPA1/GAPDH band density ratios are shown in the graph panel C.
Twenty-four h after treatment, cells were lysed andmRNA levels of Drp1, Fis1, MFN1, andMFN2were analyzed by RT-PCR. D. Ethanol inducesmitochondrial Bax translocation. Representative
confocal images of ARPE-19 cells transfected for 24 hwith GFP-Bax in non-treated cells or cells incubated for 24 hwith 600mMethanol. After 24 h treatment, the number of cellswith punctate
GFP-Bax distributionwas counted and expressed as percentage of the total number of cells expressing GFP-Bax. D. Histograms representing the percentage of MEF transiently transfectedwith
pDsRed2-mito vector, with fragmented mitochondrial morphology at the ethanol concentration indicated after 24 h (n = 3). Data shown are the mean ± SEM of at least three independent
experiments, each performed in triplicate. Statistical signiﬁcance was determined by a two-tailed Student's test: *p b 0.05, **p b 0.01, ***p b 0.001. Scale bar, 10 μm.
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[14]. The ethanol effect on intracellular Bax localizationwas ascertained
in transiently GFP-Bax protein overexpressing ARPE-19 cells. After 24 h
transfection,we added, or not, ethanol at different concentrations to the
culture media. Using confocal microscope, we denoted that ARPE-19
cells kept under normal conditions (control, Fig. 2D) show a diffuse
green ﬂuorescence. Unexpectedly, ethanol in the range 80–400 mM
failed to induce Bax translocation and only its distribution changed,
when cells grew for 24 h in the presence 600 mM (Fig. 2D). In addition,
we usedmouse embryonic ﬁbroblasts lacking Bax gene (MEF Bax−/−)
to ascertain its relevance in this process. Consistent with a lack of
function for Bax in ethanol-induced mitochondrial ﬁssion pathway,
the pattern and magnitude of mitochondrial fragmentation in the MEF
Bax−/− cells challenged with ethanol was similar to that observed in
wild type MEF (Fig. 2E).2.2. Ethanol and mitochondrial autophagy response
As expected [1], ARPE-19 cells respond to ethanol treatment by
inducing autophagy pathway. Therefore, we found ethanol enhanced
autophagosome formation, as indicated by the increase in both the
number of autophagic cells (Fig. 3A) and the levels of LC3-I to LC3-II
conversion (Fig. 3B). Furthermore, we determined the participation of
autophagy signaling proteins such as ATG5-ATG12 and beclin1 in
ethanol-induced autophagy pathway. Consequently, ARPE-19 cells
were challenged, or not, with 80–600 mM ethanol for 24 h. Western
blot analysis revealed an increase in the protein levels of LC3-II, ATG5-
ATG12 and beclin1 (Fig. 3B-D). In addition, we also determined the
participation of mTOR target S6. As shown in Fig. 3E, the pS6/S6 ratio
was decreased in total cellular extracts after ethanol addition reﬂecting
the inhibition of this pathway.
We used autophagymodulator drugs to ﬁnd outwhether autophagy
participates as a cellular response in removing fragmented mitochon-
dria. Hence, pDsRed2-mito overexpressing cells cultures were treated
with autophagy modulators such as inhibitors like chloroquine (CQ)
and 3-methyladenine (3-MA), or the inducer rapamycin. Under basal
conditions, 24 h treatment with either CQ (50 μM) or 3-MA (5 mM),
but not rapamycin (10nM), increased the number of cells with
fragmented mitochondria (Fig. 3H). Interestingly, the autophagy
inducer rapamycin (10 nM) decreased the percentage of cells with
fragmented mitochondria to basal levels in 80 mM ethanol treated
cells (Fig. 3G). Moreover, CQ and 3-MA increased the percentage of
cells with fragmented mitochondria in the presence of 80 mM ethanol
(Fig. 3G).
Mitochondrial-derived ROS have been proposed to function as clue
second messengers involved in autophagy activation [28]. To ascertain
if this was our case, we used the mitochondria-targeted anti-oxidant
drug MitoQ. As shown in Fig. 3H, 50 nMMitoQ decreased the percentage
of autophagic cells after 24 h of ethanol treatment at any of the concentra-
tions tested, whereas it did not alleviate ethanol-induced mitochondrial
fragmentation (Fig. 3I).Fig. 3. Ethanol activates autophagy pathway. A. Confocal images of ARPE-19 cells transfectedwit
24 h. Untreated control cells showed diffuse cytosolic GFP-LC3 distribution, whereas those trea
the percentage of autophagic cells (cells with more than 9 GFP-LC3 dots) at 24 h after ethan
(E) protein levels using lysates of ARPE-19 cells, which were treated or not with 80–600 mM
of at least three independent experiments, each performed in triplicate. F. Histogram represen
LC3 and then treated or not with ethanol. 24 h later the percentage of autophagic cell was dete
with pDsRed2-mito vector and 24 h later challenged or not with autophagy inhibitors (CQ and 3
drial morphologywas studied determining the percentage of cells with fragmentedmitochond
transfected with GFP-LC3 plasmid, and 24 h later pre-treated with 50 nM MitoQ for 30 min b
autophagic cells (cells with 9 or more GFP-LC3 dots) were assayed in cell cultures challenged
ﬁssion. Cells were transfected with pDsRed2-mito vector, pre-treated with 50 nM MitoQ, and
with fragmented mitochondria. Data shown are the mean ± SEM of at least three independen
two-tailed Student's test: *p b 0.05, **p b 0.01, ***p b 0.001.2.3. Relevance of these pathways in ethanol-induced cell death
Driven by the above results, we decided to ascertain the relevance of
these cellular pathways in ethanol-induced toxicity.We determined the
percentage of cells showing death-like morphology (see material and
methods) by using light microscope (Fig. 4A). Importantly, ethanol
required a minimum concentration of 600 mM to yield relevant
cell death after 24 h treatment. To conﬁrm these results, we stained
ARPE-19 cells with Hoechst/PI 24 h after treatment (Fig. 4B). Hence,
we performed a correlation study between mitochondrial proteins
translocation and cell death. By doing so, we observed that Bax
(Fig. 4C; r = 0.99, p b 0.001), but not Drp-1 (Fig. 4D; r = 0.6,
p N 0.05), mitochondrial translocation correlated with cell death. In
addition, we tested if the absence of Bax expression conferred
cytoprotection against ethanol. As shown in ﬁg. 4E, MEF Bax −/−
showed resistance to ethanol-induced toxicity.
Next, we determined the role of autophagy in ethanol-induced cell
death in ARPE-19 cells. None of the above-mentioned pharmacological
autophagy modulators disrupts cell viability in basal conditions
(Fig. 4F). However, both CQ and 3MA, but not rapamycin, make the
sub-lethal ethanol (80 mM) concentration toxic (Fig. 4F). Finally, the
ROS anti-oxidant MitoQ did not afford cytoprotection to cell cultures
versus ethanol (600 mM, 24 h) treatments (Fig. 4G).3. Discussion
The current report extends our previous studies on ethanol-induced
mitochondrial dynamic response activation in the spontaneously
immortalized cell line of human retinal pigment epithelium ARPE-19
[1,29].
Using pDsRed2-mito overexpressing cells and confocal microscopy,
we denoted ethanol fragments the mitochondrial network, disrupting
mitochondrial dynamics balance by shifting it further toward the ﬁssion
processes. Interestingly, this effects start to be evident at a concentration
of 80 mM. These data acquire relevance since the ethanol concentration
range used herein, besides being frequently used by others to study
ethanol-induced toxicity [30–32], contains values found in physiological
blood concentration of heavy drinkers [33]. In addition, this ethanol
effect has also been reported in other models including liver and brain
cells [34,35]. Ethanol-induced mitochondrial ﬁssion gives rise to a
extremely high increase in mitochondrial ROS, especially at higher
concentrations. This event yields dysfunctional mitochondria. Ethanol
leads to a dual response of the mitochondrial membrane potential in a
concentration-dependent manner. Thus, in cell cultures challenged up
to 80 mM ethanol mitochondria were hyperpolarized. It is remarkable
that at this concentration ARPE-19 cell mitochondria started to be
fragmented. Similarly, ethanol hyperpolarized mitochondria in mouse
myocardial cells that were morphologically disrupted[36]. In contrast,
at doses higher than 400 mM, ethanol collapsed mitochondrial
membrane potential. This marked depolarization of ΔΨm is commonly
observed as a prelude to cell death. Meanwhile, our data point out to ahGFP-LC3 vector. 24 h after transfection, cellswere treatedwith ethanol (80–600mM) for
ted with ethanol presented increased numbers of GFP-LC3-dots per cell. Histogram shows
ol addition. Western blot analysis of LC3 (B), ATG5-ATG12 (C), Beclin1 (D), p-S6 and S6
ethanol for 24 h. GAPDH was used as a loading control. Data shown are the mean ± SEM
ting the percentage of MEF autophagic cells. Cells were transiently transfected with GFP-
rmined (n = 3). G. Autophagy removes fragmented mitochondria. Cells were transfected
-MA) and rapamycin in control and 80mMethanol exposed cells. By 24 h later, mitochon-
ria under confocal microscopy. H. MitoQ abrogates ethanol-induced autophagy. Cells were
efore adding 80–600 mM ethanol. The effects of MitoQ, expressed as the percentage of
with or without ethanol for 24 h. I. MitoQ fails to prevent ethanol-induced mitochondrial
exposed or not to 80–600 mM ethanol. Histogram representing the percentage of cells
t experiments, each performed in triplicate. Statistical signiﬁcance was determined by a
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Fig. 4.Mitochondrial ﬁssion and autophagy roles in ethanol-induced cell death. A. Representative bright ﬁeld images control or incubatedwith ethanol (600mM, 24 h) ARPE-19 cells. Bar
graph representing the percentage of ARPE-19 cells with death-like morphology at the indicated ethanol concentrations, 24 h after treatment. B. Cell death was also monitored by adding
Hoechst and PI to the medium. Bar graph showing the percentage of PI positive cells. C-D. Correlation between cell death and Bax (B) or Drp1 (C) mitochondrial translocation in ARPE-19
cells. E. Histogram representing thepercentage ofMEF cellswith death-likemorphology, treated or notwith ethanol (40–400mM). F. Cell viability experiments inARPE-19 cells co-treated
with either CQ, 3-MAor rapamycinwith orwithout ethanol (24 h, 80mM). G. Cells were pre-treatedwith 50 nMMitoQ for 30min before adding ethanol (80–600Mm), and 24 h later cell
death was examined. Data shown are the mean ± SEM of at least three independent experiments, each performed in triplicate. Statistical signiﬁcance was determined by a two-tailed
Student's test: **p b 0.01. Scale bar, 10 μm.
1407L. Bonet-Ponce et al. / Biochimica et Biophysica Acta 1852 (2015) 1400–1409decrease in the expression of complex IV, as the cause of this collapse in
ΔΨm.
In addition, we gain insight in cellular pathways involved in the
mitochondrial dynamic response to ethanol. To our knowledge, we
are the ﬁrst indicating ethanol induces mitochondrial ﬁssion by stimu-
lating mitochondrial Drp1 translocation and the proteolytic cleavageof L-OPA1 to S-OPA1. By means of GFP-Drp1 protein, we showed that
Drp1 exists as a cytosolic form, which upon ethanol treatment translo-
cates to the mitochondria. Once there, it has been described that Drp1
assembles on the outer mitochondrial membrane creating amultimeric
collar that mediates mitochondrial fragmentation division [13,37]. In-
terestingly, Drp1, as well as other tested ﬁssion proteins Fis1 and fusion
1408 L. Bonet-Ponce et al. / Biochimica et Biophysica Acta 1852 (2015) 1400–1409protein-like MFN1, increased their mRNA levels. Furthermore, in
ARPE-19 cells Bax functions as a pro-apoptotic protein, rather than
participating in mitochondrial ﬁssion as evidenced by the fact that
Bax required the highest ethanol concentration tested herein to
migrate mitochondria. Even more, at this 600 mM concentration,
ethanol was toxic. Indeed, correlation studies between cell death
and mitochondrial translocated proteins resulted positive only for
Bax and not Drp1. Deﬁnitely, by using MEF Bax−/− we corroborated
this lack of function in ethanol-induced mitochondrial ﬁssion for Bax.
In addition, MEF Bax−/− were resistant to ethanol-induced toxicity.
Likewise, it is well established that mitochondrial Bax migration after
cell death stimuli leads to permeabilization of the outer mitochondrial
membrane and release of pro-apoptotic factors, including cytochrome
c and caspase-3 participation, which ourselves and others have previ-
ously described [38–40]. The fact that ethanol required different ranges
of concentrations to induce these events, the highest to induce cell
death, and the low range to induce mitochondrial ﬁssion cascade,
suggest that this event is not merely an end result of overt cell death.
Indeed, we evidence herein that ethanol activates a canonical
autophagy pathway. Upstream to LC3 lipidation, we detected an
increase in Atg5-Atg12, Beclin1 expression and mTOR inhibition. In
addition, our data evidence autophagy as a crucial cellular process
against ethanol-induced mitochondrial damage [41]. Furthermore,
these previous studies showed that under physiological conditions,
autophagy is responsible for eliminating fragmented mitochondria in
ARPE-19 cells and that autophagy confers cytoprotection to ARPE-19
cells against ethanol. Accordingly, autophagy inhibition by either CQ
or 3-MA increases cell death after a sub-lethal ethanol concentration
(80 mM). Following this line, constitutive autophagy helps remove
damaged proteins and organelles from the axons and remodel neurite
and growth cone structure during neurite extension [42]. This is
consistent with previous reports about the importance of basal autoph-
agy in ARPE-19 cells [1,43]. Furthermore, the number of cells with
fragmented mitochondria increased during co-treatments with ethanol
and autophagy inhibitors (CQ and 3-MA), whereas the autophagy
inductor rapamycin decreased it. In agreement with these positive
effects yielded by rapamycin, there are those described in different
models, including aging in yeast, where rampancy promotes life span
extension [44]. It is noteworthy to remember that rapamycin is a
clinically approved drug, considered for therapy of many age-related-
diseases [45,46]. More speciﬁcally, autophagy can alleviate ethanol
neurotoxicity, since rapamycin abrogates ethanol-induced ROS genera-
tion and neuronal death decrease after activation of autophagy in the
developing brain [12,47].
Our data place ROS as signiﬁcant and applicable secondmessenger in-
volved in the ethanol-activated signaling pathway between fragmented
mitochondria and autophagy in ethanol challenged ARPE-19 cells. We
ascertained this function thanks to the speciﬁc mitochondrial-targeted
anti-oxidant MitoQ [48,49]. MitoQ inhibits ethanol-induced autophagy
but fails to prevent EtOH-induced mitochondrial fragmentation and cell
death. Thus, we could place mitochondrial-derived ROS downstream of
mitochondrial ﬁssion. Remarkably, MitoQ fails to protect from ethanol-
induced cell death.
In summary, mitochondrial damage is a central event in ethanol-
induced toxicity. Therefore, increasing knowledge on mitochondrial
dynamics under ethanol exposure becomes crucial, requiring further
experiments to endorse our data using either an in vivo (animal)
model or human samples.Conﬂict of interest
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